Abstract. During in vitro transcription of T4 DNA by E. coli RNA polymerase, chain initiation stops coincidentally with synthesis at low ionic strength (0.11) with an average of one RNA chain initiated per 24S polymerase molecule. At high ionic strength (0.37), initiation as well as synthesis continues for several hours, with an average of four chains initiated per enzyme molecule in two hours. The RNA product is released from the T4 DNA template at both low and high ionic strength. At high ionic strength, however, RNA polymerase can repeatedly initiate, synthesize, and release RNA from the synthesis complex in vitro. Under both conditions, the synthesized RNA sediments at 25-44 S, has a number average chain length of 5000 to 7500 nucleotides, and a weight average chain length of 11,500 nucleotides.
Introduction. We previously demonstrated that the cessation of RNA synthesis in vitro can be overcome by elevating the salt concentration.1 Thus, at an ionic strength of 0.37, RNA synthesis continues over many hours with only slightly decreasing rate. Preliminary experiments based on the incorporation of ly-32P-ATP indicated that high salt concentrations allow RNA polymerase to initiate RNA chains continuously.1 These observations suggested that the polymerase is able to terminate RNA chains under these conditions. We show here that at high ionic strength RNA polymerase continually initiates and releases RNA of high molecular weight from the synthesis complex in vitro. In addition, we find that even at low ionic strength, where synthesis terminates by 1 hr, the bulk of the product is released. This work has been presented in preliminary form elsewhere. stored at -20'C. The first eluting enzyme peak, which contained subunits B, O', a, a, and co6 was used in these studies. Its specific activity averaged 1800 enzyme units9/mg protein (determined from a specific absorbance at 280 mu of 0.65/mg/ml).'
RNA synthesis was measured as published earlier' at either low ionic strength, 1A = 0.11 (50 mM NH4Cl, 8 mM magnesium acetate, 30 mM Tris, pH 7.9), or at high ionic strength, A = 0.37 (0.13 M NH4Cl, 0.07 M magnesium acetate, 0.03 M Tris, pH 7.9), with either UTP-3H (0.5 or 1 Ci/mole) or ATP-8-'4C (1 Ci/mole) used as the labeled substrate.
Chain initiation was followed by the incorporation of y-32P-ATP or -GTP7 having specific activities of 26-58 cpm/pmole. To eliminate any artifacts owing to possible polyphosphate kinase contamination, 0.02 mM ADP was included in the reaction mixture.8 Aliquots of 0.1 ml were pipetted into 1 ml ice-cold H20, then 0.05 ml unlabeled ATP (100 ,umoles/ml) plus 1 ml 0.12 M sodium pyrophosphate (pH 6-7) were added with mixing. 2.2 ml 10% trichloroacetic acid containing 0.02 M sodium pyrophosphate were added with mixing and the samples were filtered through glass filters (Whatman GF/C) presoaked in 5% trichloroacetic acid containing 0.1 M pyrophosphate. Filters were washed five times with 7 ml of 5% trichloroacetic acid-0.1 M pyrophosphate, three times with 5% trichloroacetic acid, and twice with ethanol, dried, and counted in a liquid scintillation counter.
Determination of s20,W values and molecular weights of RNA from sucrose gradients: Zone centrifugation procedure is described in the legends. Individual gradients were calibrated by computer analysis to give s20o, as a function of r, with R17 phage and R17 RNA as internal standards (J. McConnell, to be published). Sedimentation coefficients were converted to molecular weights using Spirin's equation,9 and molecular weight distributions were determined for each gradient.
Template DNA: 3H-Thymidine-labeled T4 phage were prepared by the method of Richardson et al.'0 T4 phage were purified by sedimentation through sucrose gradients," dialyzed against NET (0.1 M NaCl, 1 mM EDTA, 0.01 M Tris, pH 7.5), and the DNA prepared by extracting with phenol and chloroform-octanol.' The free T4 DNA had an 820,w of 46 S in our sucrose gradients.
3H-R17 phage RNA: 3H-Labeled R17 phage RNA was prepared by the method of Strauss and Sinsheimer12 using, as host, E. coli Hfr Hayes (AB259, obtained from A. L. Taylor). Three min after infection 0.8 mCi of uridine-5-3H (20 Ci/mmole) was added to a 1 liter culture.
Chemicals: y-32P-ATP and -GTP were synthesized enzymatically by the method of Glynn and Chappell"3 with a modification after the Dowex-1 chromatography step to yield the lithium salts.'4 Unlabeled nucleotides were obtained from P-L Biochemicals, Inc., 3H-and "4C-labeled substrates from Schwarz BioResearch, and hydroxylapatite from Bio-Rad. Ammonium sulfate (enzyme grade) and sucrose (enzyme grade, for polymerase purification; density gradient grade, for zone centrifugation of the reaction product) were purchased from Mann Research Labs., and DEAE-cellulose (Type 20) The ratio of ATP/GTP initiation is unaffected by the ionic conditions used in these experiments: At both low and high ionic strength, 67% of the RNA chains transcribed from T4 DNA are initiated with ATP. This agrees with values reported for initiation at low salt concentrations. 8 Effect of ionic strength on chain length and number of RNA molecules synthesized per enzyme particle: From an average of five experiments, the number of were layered onto 12.1 ml sucrose gradients aliquots of the reaction mixture were di-(5-30% w/v in NET) and centrifuged for luted 20-fold and centrifuged on sucrose 1 .68 hr at 41,000 rpm at 30C in the SW-41 gradients (Fig. 2) . At (Fig.   3, top) . This is a result of aggregation as is shown by dissociation of the RNA to a lighter sedimentation distribution by heating the diluted incubation mixture at 450C for 5 min before centrifugation (Fig. 3, bottom) The aggregation is not a result of extensive regions of self-complementarity because (a) only 5%0 of the purified RNA remains RNase resistant both before and after heating to 70'C and quick cooling, and (b) the purified RNA is not dissociated on DMSO (dimethylsulfoxide) gradients (5-20%o w/w sucrose in 99% DMSO, 10-3 lI EDTA). These and the above observations suggest that the RNA product aggregates as a result of the high ionic strength and high Mlg2+ concentration.20 Diluted reaction mixtures from a low ionic strength synthesis mixture were similarly analyzed on sucrose gradients. Here we expected to see little or no release of product as reported previously.15'2' However, as demonstrated in Figure 4 , release of the product is already apparent by 10 min of synthesis. The product shows little aggregation, in this case, and accumulates mainly in a position lighter than the template. By 60 min of synthesis, RNA sedimenting with peaks at 28 and 41 S is observed.
The percentage of total '4C counts sedimenting above the 'H-T4 DNA gives a conservative estimate of the released RNA. This value, from six experiments, is 47%0 after 60 min of synthesis. However, diluting the reaction mixture into 0.2% sodium dodecyl sulfate in NET before sucrose gradient sedimentation, which is known to release RNA from the enzyme-DNA complex,'5 causes no significant change in the RNA profile at 60 min of synthesis. Therefore, by the time synthesis terminates at low ionic strength, most of the product is free from the template.
Size of the released RNA: From an average of five experiments at low ionic strength, the sedimentation constants of the two main peaks of the released RNA product were 25 and 44 S. From the sedimentation distributions on the same gradients, molecular weight distributions were determined and chain lengths of 11,400 nucleotides, weight average, and 6100 nucleotides, number average, were calculated. An evaluation of several experiments at high ionic strength gave similar results: the RNA peaks ranged from 27 to 43 S, while the weight-and number-average chain lengths, as calculated from the total distribution, were 11,600 and 4800 nucleotides, respectively.
Release is not due to ribonuclease: In order to demonstrate that the observed release of RNA is not due to ribonuclease contamination of the reaction mixture, 3H-labeled R17 phage RNA, sedimenting at 27 S, was added to a low ionic strength synthesis mixture 5 min after the start of incubation at 370C. The time delay was invoked to avoid possible inhibition of uninitiated polymerase by the added RNA. Incubation was continued at 370C and samples, which were taken at various times, were analyzed on sucrose gradients. After 3 hr of incubation, there was no significant alteration in the sedimentation constant or profile of the added R17 RNA.
Discussion. We have demonstrated that at high ionic strength RNA polymerase can repeatedly initiate, synthesize, and release RNA from the synthesis complex in vitro. The released product, as well as the purified RNA, forms a fast sedimenting aggregate, presumably due to the high salt concentration. 20 It is dissociable by a brief heating at 450C or by dialysis against EDTA. Our finding of product release at high ionic strength agrees with a report by Maitra and Barash,22 using similar techniques, and experiments by Richardson,'8 using a membrane filter assay.
We were surprised to find that a major portion of the product is also released from the template during synthesis at low ionic strength. This contradicts the earlier findings of Bremer and Konrad'5 which show the retention of product in the enzyme-template complex at the completion of synthesis. Possible explanations for these differences are: (a) differences in the salt composition of the reaction mixtures, (b) differences in the enzyme preparations used, and (c) free RNA of the size we have observed would cosediment with the broad T4 DNA band in the gradients of Bremer and Konrad.
From the double-labeling experiments we calculated number-average chain lengths of about 5700 and 7500 nucleotides for low and high salt incubations respectively. These figures might be somewhat in error since the calculations are based on the base composition of T4 DNA. From the sedimentation distributions on sucrose gradients, RNA chains of comparable size are produced at both low and high ionic strength (both are around 11,500 nucleotides, weight average). Errors inherent in the Spirin formula, especially at very low and high S values, may cause inaccuracies here. However, this value is in excellent agreement with the average size calculated for transcription regions in the early genes of T4: From studies on the effect of ultraviolet irradiation of T4 phage on in vivo transcription, we have found these regions to be about 10,000 base pairs in length. 24 Under our low salt assay conditions, each polymerase molecule initiates only one chain, on the average, with most of the RNA being released from the DNA.
These findings, along with the fact that synthesis stops as a result of product inhibition,25 indicate that at low ionic strength the enzyme becomes inhibited, after one complete round of transcription, by the released RNA chain. The fact that almost identical weight-average chain lengths are synthesized at both low and high ionic strength gives added support to this interpretation. It therefore seems likely that the previously reported first-order inactivation of the enzyme' may be simply the consequence of the kinetics of chain initiation, because, as evidenced by the y-32P-ATP incorporation, it takes approximately 15 min for all enzyme molecules to initiate at low ionic strength.
